The primary purpose of this paper is to describe and illustrate the development of a framework related to proper design of a supply chain, emphasising a systemic approach to models and methods development as part of the operations management and decision sciences curriculum. The underlying premise of the suggested approach is to build an interface between theory, application, and tools and techniques relevant to the design of supply chain management systems. To this end, this approach integrates learning related to theoretical concepts from systems science, characterisation of applications utilising systems engineering, and tools and techniques from industrial engineering, operations research, and management science disciplines.
Introduction
Enterprises must be integrated. How this should be accomplished is, however, a matter of debate. Which concepts, models, methodologies, techniques, and tools facilitate successful enterprise integration? Answers to these and several related questions are of great interest to researchers, problem solvers, and educators who deal with complex problems requiring enterprise-wide solutions. These fundamental questions provide guidance in proposing a curriculum for teaching supply chain management related problems, issues, and their solutions.
Enterprise integration phenomenon has received the attention of researchers, educators, and practitioners in various aspects of supply chain management. In the past few years, there has been a renewed interest in designing and implementing integrated systems, such as enterprise resource planning, multi-echelon inventory, and synchronous-flow manufacturing. A number of factors have contributed to this shift. Firstly, there has been a realisation that better planning and management of complex interrelated systems, such as materials planning, inventory management, capacity planning, logistics, and production systems will lead to overall improvements in enterprise productivity. Secondly, advances in information and communication technologies complemented by sophisticated decision support systems enable designing, implementing and controlling strategic and tactical strategies essential to delivery of integrated systems. The availability of such systems has the potential of fundamentally influencing enterprise integration issues. Our objective in this paper is to make a case for supply chain design curriculum that will prepare educators to develop a framework for enterprise integration education and pedagogy.
The rest of the paper is organised as follows. In the next section, the motivation for undertaking supply chain design curriculum is offered. Next, a supply chain design curriculum based on this motivation is introduced. This is followed by a discussion of elements of the curriculum. In conclusion, arguments are presented in support of this approach.
Motivation for an integrated supply chain design curriculum
The purpose of this paper is to describe and illustrate the design of a supply chain emphasising a systematic approach to models and methods development. The focus is on proposing supply chain philosophy as a viable approach to enterprise integration (Arora and Kumar, 2000) , and justifying the efficacy of such an approach by applications to very large systems problems across industrial complexes in the public and private sectors . Towards this end, a modelling and analysis framework is proposed that has the potential of delivering: theoretical general guiding principles generic representation approaches common modelling, simulation, optimisation, integration, and evaluation tools and techniques, whereby it is possible to analyse and solve problems in any domain and pertaining to any type of system.
Importance of the problem
There is a need to understand and develop the design of an enterprise architectural framework based on supply chain principles emphasising cooperation, coordination, group dynamics, and synchronisation. The purpose of this framework is to extend our pedagogical interest in enterprise integration topics through advancement of general guiding theories and principles to a class of complex system problems in distinct domains. Specifically, it can be applied to a wide spectrum of supply chain management problems of 'design and production interfaces' in systems development activities at industrial complexes.
Problem domain of interest
In the proposed curriculum, issues emerging from common interfaces in three main areas of the integrated framework -that is systems sciences, systems engineering, and industrial engineering, operations research, and management science -are investigated.
Issues related to the systems sciences field of inquiry pertain to the 'nature of systems'; that is understanding the complex behaviour of a system. Some of these are: hidden order in random processes within or between entities; tendency of simple processes to become complex; individually well-organised behaviours becoming difficult in aggregate outcomes; developing decision rule sets for a group of interacting agents; relationship between processes across multiple layers; nonlinear dynamics emerging from interactions among agents; and 'emergent' and 'self organising' behaviours in systems (Holland, 1995; Kauffman, 1995; Manson, 2001) .
From the above issues, it is evident that as entities in a system interact with their environment (both internal and external), the decision-making process is influenced by various sources of change, some of which are controllable (due to factors specific to that entity), while others are uncontrollable (due to factors beyond the influence of that entity). It is important to separate out the random influences from the input that is from sources of change due to factors specific to the entity, which tend to stabilise over time. The random changes tend to cancel each other out over time and do not produce a lasting effect on decisions, as do the entity specific factors. The complexity in a system is best handled by way of decomposing a whole system into its related and interconnected parts. These parts can be modelled as centralised, decentralised, and/or autonomous. The common link between the whole and the parts are standards, which are implemented based on policies for strategic, tactical, and operational levels of decision-making that aim to achieve shared goals utilising established methods and procedures.
The application of the knowledge gained by understanding the behaviour of a system is achieved by applying principles of systems engineering. One of the most significant issues related to the systems engineering field of inquiry is modelling the life cycle of a production system (Chandra and Kamrani, 2003; Chandra and Kumar, 2001c; Chandra et al., 2001; Kumar et al., 2001; Smirnov and Chandra, 2001) . Modern production systems are designed with an enterprise resource planning perspective. This requires modelling close interactions within and between functional areas, decision-making levels as well as implementation of strategies and policies. One of the effective ways of doing so is modelling the entire life cycle of a production system that is from production design, order-entry to order-fulfilment and after sales service. A popular technique that is gaining industry-wide acceptance is the supply chain operations reference (SCOR) model (www.supply-chain.org) which provides a template approach to decompose an enterprise into a collection of processes along its product life cycle (Bolstorff and Rosenbaum, 2003; Stewart, 1997) .
Issues related to industrial engineering, operations research, and management science fields of inquiry are: system design, modelling and analysis methodologies; system optimisation tools and techniques; and production system performance evaluation algorithms (Chandra and Kumar, 2000a,b; 2001a,b,d; Chandra et al., , 2004 Kumar and Chandra, 2002) . In order to realise the full potential of the system, it is important to evaluate its capabilities. This is performed by the application of optimisation techniques to obtain feasible solutions and then analysing them for the desired performance indicated by established system metrics.
Planned outcomes
This curriculum is intended to present a generic modelling and analysis framework in support of the canonical complex system problem solving efforts that are undertaken for a variety of applications Kumar, 2000a, 2001b) . It proposes the rationale to approach problem solving with particular emphasis on following issues: underlying theories and hypotheses that guide behaviours and states of nature in complex system decomposing large systems enterprise goals, policies, and objectives representation modelling complexity classification, standardisation, and proceduralisation of methods and procedures representing interactions within the enterprise at various levels representation, evaluation, and optimisation of activity networks for resource and constraint modelling.
The proposed framework blends design, modelling, optimisation, and analysis and synthesis capabilities, in a seamless manner, in order to deal with above issues comprehensively. This facilitates approaching the design of complex systems, such as a supply chain, very systematically and decomposing the larger problem into manageable sub-problems and applying specific problem-solving techniques.
In support of the general purpose of study described in the previous section, our motivation in proposing a supply chain design curriculum is to disseminate knowledge and expertise that would facilitate design of a complex supply chain. Table 1 presents, in an outline form, a supply chain design curriculum for interdisciplinary teaching and pedagogy. It is organised as: Section → Module → Main topic → Sub topic. A section collectively describes a field of inquiry. A module relates key topics on a common issue related to a field of inquiry. A main topic focuses on problem solving of highlighted issues. A sub topic is an attempt to diagnose the problem deeper.
An overview of the curriculum is as follows. The introductory piece describes the supply chain philosophy and its justification in a dynamic and competitive global business environment. Following this, a generic supply chain design framework is proposed which builds on cooperation as its central theme to achieve system integration through synchronisation of its components (Chandra and Kumar, 2001b) . Next, the supply chain is described as a special class of a complex autonomous adaptive system that adjusts to the collective behaviour of its component sub-systems (Fox et al., 2000) . In support of this line of reasoning a generic system architecture is proposed that builds on classification of parts (components), which results in standards and procedures for the entire supply chain (Chandra and Kumar, 2000c) . A systems engineering approach is prescribed for characterisation of the supply chain as it structures itself to be flexible and agile in a dynamic market. A generic modelling technique enables modelling these structures across a wide spectrum of supply chain applications (Swaminathan et al., 1998 ). An integrated methodological construct that incorporates interrelationships between components in the supply chain enterprise system lays the foundation of applying relevant tools and techniques for system modelling and analysis (Gould, 1998) .
Next, several modules provide a rigorous algorithmic treatment to cooperative modelling of demand and supply management. These modules feature cooperative models and algorithms in forecast management, inventory management, production planning and control, capacity planning, production scheduling, production operations, and distribution logistics. The curriculum concludes with a look towards future of cooperative modelling in designing supply chains for the next century and beyond.
A well-articulated problem in the form of a case study is essential to maintain the focus of learning inter-disciplinary design, modelling, analysis, and implementation issues (Chandra and Kumar, 2001a) . For the purpose of illustration, in this paper, the supply chain approach has been applied to problems in the US Textile industry. A representative case study from this industrial sector entitled 'Synchronous manufacturing in the US Textile Industry' is given in Appendix A. Supply chain design curriculum: models and methods development The case method, as a way to teach skills needed for problem diagnosis, analysis, decision-making, and implementation, to our future generation of managers and problem solvers has been an intrinsic part of curriculum in business and engineering disciplines, ever since it was adopted in the early 1900s (Garvin, 2003) . According to the author, business as a field of inquiry as yet is not an exact science. There is no one right answer to a business problem. The discussion of a particular case offers an opportunity to develop a solution through a deliberative process. Cases are the means for studying the complex interactions of principles, demonstrating application of these principles, and practicing analysis of complex situations. Study through a case enables participants to discover specific concepts and skills that the course is designed to teach. Through exposure to case studies, participants learn to: recognise the unique aspects of different situations; define problems; suggest further avenues of analysis; and devise and implement action plans. The use of the case method to teach supply chain management is being recognised more than ever by institutions to offer an integrated view of 'logistics' and 'operations management' functions in an enterprise (Johnson and Pyke, 2000) . The authors present a large list of cases taught at various institutions (see Table 1 ; Johnson and Pyke, 2000, pp.5-7) covering 12 main areas of supply chain management, from the more traditional topics in inventory and forecasting to some emerging ones such as reverse logistics and green issues. One of the primary reasons advanced by the authors for the case-based approach to teaching supply chain management is diversity of the topic 'covering multiple disciplines and employing many quantitative and qualitative tools'. While an increasing number of supply chain management related books are available in the market (Bowersox et al., 2002; Chopra and Meindl, 2004; Dickersbach, 2004; Geunes et al., 2002; Shapiro, 2000; Simchi-Levi et al., 2002 , 2004 Song and Yao, 2001) ; nevertheless, given the nature of the topic, it is possible to assemble a curriculum by way of a collection of published business cases offering flexibility in coverage of issues and problems in this area.
Discussion on the supply chain design curriculum
The approach to the proposed curriculum draws upon our investigations as well as interactions with industry practitioners on enterprise systems integration issues and relevance and applicability of supply chain design philosophy (Chandra and Kumar, 2000c) . The adoption of a system theoretic framework for supply chain design concepts is a major feature of this study.
The SCOR model proposed by the Supply Chain Council (www.supply-chain.org) is the first cross-industry framework for evaluating and improving enterprise-wide supply chain performance and measurement (Stewart, 1997) . The SCOR model can serve as a metamodel with IDEF0 (Cheng-Leong, 1999) complementing SCOR. With the above caveat, a supply chain system has been treated as a special case of complex autonomous adaptive system (CAAS) and a subset of the general class of complex system. Choi et al. (2001) have presented arguments in support of treating a supply chain system as a CAAS. In this way, managers and researchers can interpret the supply chain system behaviour in a more comprehensive manner and develop interventions that are more likely to be effective. Further, we can adopt theories concerning CAAS to aid the interpretation of the supply chain system behaviour and dynamics. 111 2 3 4 5 6 7 8  9  1011  1  2  3  4  5  6  7  8  9  2011  1  2  3  4  5  6  7  8  9  30  1  2  3  4  5  6  7  8  9  40  1  2  3  4  5  6  711  8 CAAS refers to a system that emerges over time into a coherent form, and adapts and organises itself without any singular entity deliberately managing or controlling it (Holland, 1995) . With roots in many disciplines, such as evolutionary biology, nonlinear dynamical systems and artificial intelligence, modern theories and models of CAAS focus on the interplay between a system and its environment and the co-evolution of both the system and the environment. A dynamic environment surrounds complex autonomous adaptive systems that evolve to maximise some measure of 'goodness' or 'fitness'. Examples of CAAS include a group of competing firms generating certain market patterns, a cross-functional team developing norms and rules of action, and the traffic configurations generated by vehicles on a roadway.
CAAS theory has enjoyed much interest in management and organisational circles during the last several years. Phenomena, such as organisational change and transformation (Dooley, 1997; Dooley et al., 1995; Goldstein, 1994; McKelvey, 1997; Poole et al., 1999) , innovation (Brown and Eisenhardt, 1998; Cheng and Van de Ven, 1996; Jayanthi and Sinha, 1998) , human resource practices (Guastello, 1995; Guastello and Philippe, 1997) , and strategy (Levy, 1994; Stacey, 1992; Thietart and Forgues, 1995) have been examined using concepts from complex adaptive theory (Manson, 2001) .
A generic analysis, design and modelling framework for a supply chain management system that captures the essence of these system concepts is being proposed. As a proof-of-concept this generic framework has been applied to complex systems problems in product pipeline management for a textile product (Chandra and Kumar, 2000a; Chandra et al., 1997) . It is hoped to benefit from these experiences so that in the future, through advancement of general guiding theories and principles for supply chain systems, the framework can be consolidated for applicability across diverse problems in various domains.
As described earlier, this study for developing supply chain design curriculum has been guided by the following common themes that draw on theories, hypotheses, methods, techniques and tools from systems science, systems engineering, industrial engineering, management science, operations research, information systems, and technology management areas:
Behavioural representations of a system: the representation of a system must depict separation of its cognitive and physical behaviours. A flexible system must conform to basic principles of modularity, adaptability, and reconfigurability. That is, the physical implementation of such a system is amenable to separation from its logical (or cognitive) design.
Unification of models: in order to realise the goal of integration in a system, it is necessary to unify its various sub-models in a spirit of cooperation. In a complex system, usually a cadre of sub-models are designed and developed to perform specialised tasks or implement specific policies. However, if these sub-models are not linked to one another as part of an overall strategic architecture, they may work against rather than for each other. Cooperative system design enables disparate models to function in unison to achieve common goals of the enterprise. Communication: in order to achieve coordination between sub-models of an enterprise these must communicate with one another. In a complex system, transactions between various sub-models are highly inter-and intra-dependent stemming from common objectives, goals and policies of the enterprise. Protocols governing transactions within and between system components enable effective communication.
Measurement: one of the primary means with which to gauge the success of transactions exchanged within and between system components is through common performance measures. That is, various autonomous system entities guided by shared beliefs and preferences binding them together to a larger system. For example, generic measures of performance, such as, flexibility, adaptability, reliability, risk, quality, cost, time, and service to promote a common knowledge of beliefs and preferences in the system. Standardisation and proceduralisation: standards and procedures, taxonomy and classification enable generalisations of theories and hypotheses across diverse disciplines and problems. For example, the notion of activity in a system has a generic meaning in modelling of various types, namely information modelling, object-oriented modelling, enterprise modelling, process modelling, simulation modelling, and optimisation. Thus, it is easy to implement common standards across above techniques by utilising a generic representation of an activity. Therefore, a standard activity-based form representation of a complex systems enterprise has been proposed.
It may be noted that XML and ontologies are the next generation of integration and communication tools in supply chain management; essential for unification of models and information flow considerations (Erdmann and Studer, 2001; Malik, 2003) . These research themes have been incorporated in proposing a generic supply chain management framework that forms the basis of a supply chain design curriculum depicted in Table 1 . Discussion on significant elements of this framework has been organised as follows. First, an enterprise systems integration approach that provides direction for the unification of diverse systems and corresponding models is described. Next, concepts related to enterprise systems engineering to represent systems and their components are discussed. A general framework of supply chain modelling and analysis for enterprise integration that enable problem solving in diverse domains with generic approaches is proposed next. Then, a general model of the common production planning and control problem based on supply chain philosophy is described. Finally, extensions of the framework are discussed.
Enterprise systems integration
Figure 1 depicts a road map for an enterprise integration problem that builds upon the logical connection between a system (organisation), enterprise (a collection of organisation systems), and a supply chain (a philosophy and/or strategy on 'organisation design').
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Supply chain design curriculum: models and methods development 259 System is an assembly or a combination of elements of parts forming a complex whole. For example in the case study cited in Appendix A, cataloguing at L. L. Bean, Inc., is a system (whole) of designing, market survey and target marketing activities (parts). Enterprise is a collection of entities (systems and associated components) assembled towards achieving shared goal(s). For example in the case study cited in Appendix A, L. L. Bean, Inc. is a retail enterprise comprising of cataloguing, marketing, logistics and distribution systems. Each of these systems is working towards achieving a shared (common) goal (maximising revenue, or minimising cost, or both) for the L. L. Bean enterprise. Enterprise is a special class of a system. For example, a manufacturing enterprise is a collection of manufacturing systems that shares common purposes, goals and objectives and employ similar strategies to achieve these to their mutual satisfaction. For example, for the purpose of manufacturing the Nylon Jacket Parka marketed by L. L. Bean Inc. the manufacturers: E. I. Dupont Inc., Glen Raven Mills, and Cascade West may agree upon shared manufacturing goals and objectives on manufacturing capacity and devise similar manufacturing strategies to meet them. Supply chain is a proposition (of philosophies, strategies, and structures) for organising (or grouping) similar concepts, principles, problems, and tasks to improve productivity in the network formed by autonomous adaptive (system) entities. It is a society (network, termed a group) of autonomous and adaptive entities (members) formed to solve a common problem. With their collective and collaborative efforts, they sustain the progress of each member as well as the group. Within each member enterprise of the group, a hierarchical representation captures the decision making and actions of the enterprise, with emphasis on the class of products that are relevant to the group. At the highest level, member goals and strategies are represented and are used to derive appropriate inter-member commitments and agreements as well as internal policies and procedures. The second level promulgates the policies and procedures established by the higher level, given the orders and opportunities from customer and supplier enterprises. This level executes established information processing functions and supplies both the lower (manufacturing) and higher (strategy and coordination) levels with pertinent information. For example, schedule information may be provided to the manufacturing level based on actual and forecasted demand.
The fundamental premise of this philosophy is; synchronisation among multiple autonomous entities represented within it. That is, improved coordination within and between various supply chain members. The increased coordination can lead to reduction in lead times and costs, alignment of interdependent decision-making processes, and improvements in the overall performance of each member as well as the supply chain.
In the light of the above, a supply chain is characterised as a group of linked individual enterprises. A supply chain of a manufacturing enterprise is a network of facilities that performs functions of procurement of materials, transformation of materials to intermediate and finished products and distribution of finished products to customers (Fraser, 1998; Lee and Billington, 1993; Magretta, 1998; Robinson, 1998) . For example, in the case study cited in Appendix A, the supply chain of the Nylon Jacket manufacturing enterprise is the network of facilities formed by the alliance of E. I. Dupont Inc., Glen Raven Mills, and Cascade West and L. L. Bean, Inc., which represents the complete life cycle of the product.
A general framework for supply chain modelling and analysis for enterprise integration
One of the primary function in a supply chain is to transform incomplete information about the market and available production resources into coordinated plans for production and replenishment of goods and services in the network (depicted in Figure 3 ) formed by cooperating entities. This is achieved under the umbrella of an integrated framework described in this section.
Source: Swaminathan et al. (1998)

Figure 3 Supply chain network
In order to manage its demand and product flows, common operations of demand forecasting, inventory planning and control, capacity planning, purchasing, warehousing and distribution are conducted in this supply chain network. An implementation of this special relationship among business entities is a supply chain management system, whereby similar problems due to operations management observed in a supplier/consumer relationship are solved using common vision, practices and techniques. Supply chain management has implications on technology, structure, and resource issues in an enterprise system. An activity is an implementation of interactions between technology, structure, and resources in this system. Activity (ies) similar in their physical or cognitive characteristics can be classified as a standard activity for such a system. Thus, exploiting similarities between common operations (and associated activities) across the enterprise offer opportunities to design and implement standard activity-form based cooperative models in the enterprise. A cooperative problem-solving approach to operations management in a supply chain is discussed. First, a cooperative supply chain is defined. Next, a supply chain management system (SCMS) built on cooperation is described. Then, a formal cooperative supply chain system modelling approach is presented. Next, some models and methods based on the published literature to define available problem-solving strategies for SCMS are presented. Finally, implications of cooperative supply chain system modelling research on supply chain management problems are presented.
A cooperative supply chain
The concept of supply chain is about managing coordinated information and material flows, plant operations, and logistics (Cachon and Fisher, 2000) . It provides flexibility and agility in responding to consumer demand shifts with minimum incremental costs in resource utilisation. The fundamental premise of this philosophy is synchronisation among multiple autonomous business entities represented in it. That is, improved coordination within and between various supply chain entities (members). Coordination is achieved within the framework of commitments made by members to each other. Members negotiate and compromise in a spirit of cooperation in order to meet these commitments. Hence, the label: Cooperative Supply Chain (CSC). Increased coordination can lead to a reduction in lead times and costs, alignment of interdependent decision-making processes and improvement in the overall performance of each member as well as the supply chain network (group) (Chandra and Kumar, 2001b; Lockamy et al., 2000) .
Supply chain management system
A supply chain management system (S) describes members (T) entities in a supply chain and their relationship (R) to one another, using notations, S=(T, R), where, T=(t 1 ,t 2 , ,t n ), and R=[{(t 1 ,t 2 ) (r 1 ,r 2 , ,r n )}, , {(t 1 ,t n ) (r 1 ,r 2 , ,r n )}]. Likewise, such a relationship can also be expressed for components of a member (t i ); at a function (or business) t i (b i ); process {(t i ,b i ) (p i )}; and activity {(t i ,b i ,p i ) (a i )}; i=1,2, ,n. Relationships in a SCMS describes: actions between its members (and their components) involving exchange of information, controls, and resources meta (or logical) systems (that is members and their components), decentralisation, and specialisation of autonomous members (Bond and Gasser, 1988; Gasser, 1991; Moulin and Chaib-Draa, 1996 
Cooperative supply chain system modelling
The main thrust of CSC system modelling is based on the principle that its architecture should be domain independent, whereas its application should be domain specific. Such a strategy assures integration of disparate applications to a common, yet generic architecture. Some guidelines for implementing this strategy are:
The structure of the conceptual model of a CSC system must reflect inner workings of its global (group) and local (member) components.
The design of an application of CSC should be based on a conceptual model of the CSC system architecture, but specific to decision making relevant to that application.
Realisation of objectives of a CSC system must be achieved through implementation of a highly coordinated set of strategies and policies at the global and local levels. These should be consistent with trends and directions pursued by the industry for which the supply chain is being designed.
Implementation of a CSC system application model must balance the issue of scope vs. focus.
The above modelling concepts have been applied in developing a general framework of CSC systems that is described in the next section.
General framework for cooperative supply chain systems
As noted earlier, a supply chain network can be a complex web of systems, sub-systems, operations, activities and relationships between one another. Modelling of such a system, therefore, can be a difficult task, unless various parts of it are cohesively tied to the whole. For this reason, a General Framework of Supply Chain Systems is proposed. Such a framework enables retaining abstract ideas of modelling a supply chain (elaborated in Section 4.2.2) throughout the hierarchy of models that together comprise the supply chain system. The proposed framework is a meta-model of supply chain. It identifies abstract model elements or building blocks and relationships between elements that are required in a mathematical representation of a supply chain system. When models of supply chains are expressed in terms of these elements, extensions and generalisations become apparent. Moreover, the mathematical language and structure of the framework provides a foundation to compare and contrast seemingly unrelated models arising in diverse environments. Our purpose in introducing this general framework is to:
assess the validity or accuracy of the representation of a particular supply chain network given by various optimisation models guide the development of more accurate supply chain optimisation models when existing models provide inadequate representation of the supply chain network.
Framework elements
The proposed systems development framework adopts an integrated approach to couple research on issues, problem solving strategies, methodological constructs, and tools and techniques in the supply chain. Its basic feature is providing a suite of models and methods that integrate: structural forms information flow decision-making processes provide incentives for enhanced efficiency and effectiveness of the enterprise. Figure 4 depicts an integrated supply chain management systems development framework. Its various elements are described below.
Theory
The theoretical underpinnings of this framework are embedded in the following focus on enterprise integration and the guiding principles enunciated for a cooperative supply chain:
Enterprise Integration Focus Kumar, 2001b, 2000c) :
the representation of a system must depict separation of its cognitive and physical behaviours it is necessary to unify various sub-models to realise the goal of integration in a system sub-models of an enterprise must communicate with one another to achieve coordination between them common performance measures, required to gauge the success of transactions exchanged within and between system components standards, procedures, and classification facilitate generalisations of theories and hypotheses across diverse disciplines and problems.
Supply chain guiding principles (Chandra and Kumar, 2000c) :
a supply chain is a cooperative system a supply chain exists on group dynamics of its members negotiations and compromise are norms of operation in a supply chain supply chain system solutions are pareto-optimal (satisficing), not optimising integration in a supply chain is achieved through synchronisation.
Problem-solving strategies
To solve the supply chain problem, the following optimisation policies can be examined:
the manufacturer optimises its own cost and imposes its policies on the suppliers.
In this case, no cooperation among members is forthcoming (centralised)
global cost of the supply chain is minimised by cooperation among members at various levels (autonomy in some form) each level optimises its local cost objective that may or may not optimise the global cost objective of the supply chain -in this case, cooperation among members is opportunistic (decentralised).
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Figure 4 An integrated framework for supply chain systems development
Methodology
This is intended to improve the analysis of supply chains and is developed based upon functional elements identified for the analysis tool (Oakes et al., 1997) . A combination of methods and tools for supply chain analysis comprise the supply chain analysis methodology. The functional elements are used as indicators of the desired domain of discourse within our methodology. Briefly, this methodology is designed to help the analyst 'create an (analysis) structure, install proper controls, and implement principles of optimisation to synchronise the supply chain.' (Advance Manufacturing Research, 1997; Chandra and Kumar, 2001b) Various steps of supply chain analysis methodology are discussed below.
Step 1: describing system components -the 'current' (or as-is) supply chain system is described as a collection of systems and related activities performed by its members (sectors), in the delivery of the end product. A standard system component template is utilised for the purpose.
Step 2: investigating work design and methods improvement -in this step, effects of relationships between methods, time standards, and costs; on the operation of the enterprise are investigated. That is, for activities described in
Step 1 above, inter-dependencies between time and cost measurements; and the impact of methods employed are analysed (Nadler, 1970) .
Step 3: system flow-charting -in this step, the enterprise structure is aggregated or disaggregated at various levels of decomposition. The selection of levels is discretionary and is problem specific. Decomposition enables representing the enterprise at various levels of details. In this manner, it is easy to breakdown a complex problem into manageable problem solving pieces.
Step 4: implementing activity-based costing -this system analysis step seeks to develop ability to trace costs to a particular product or customer that triggers various activities in the supply chain. The design of an activity-based costing model enables: identifying cost hierarchies; creating the cost database; and costing the product.
Step 5: implementing waste elimination through methods engineering -system analysis in this step seeks to identify ways to eliminate any process that does not add value to the product. Methods improvement approaches applied in this step seek to eliminate, combine and rearrange, and simplify activities.
Step 6: performing network analysis -a network graphic representation of interdependent activities in the supply chain system is developed. The approach is to concentrate on the critical operation path for each of the constituent members of the product pipeline thus removing bottleneck activities.
Step 7: system performance simulation -the normalised network obtained in Step 6 is simulated based on the pre-defined performance criteria for the system. These criteria were identified in Step 1, both at the member and the group levels of the pipeline. The simulation is iterated until a satisfactory solution to the problem is obtained. The characteristics of the solution set are then incorporated in the system, to deliver a 'to be' system.
Techniques
The techniques employed in this framework for the purpose of supply chain analysis fall in following general categories described in detail in the publication, 'Enterprise simulation analysis of the nylon jacket pipeline' (Chandra et al., 1997) :
process granularity -techniques to decompose the supply chain enterprise in its functional, process, and activity forms methods engineering -characterises the supply chain enterprise as a collection of standard activities: as such, standard activity nomenclature and definitions are utilised to standardise and proceduralise the supply chain value analysis -utilises various techniques to improve the performance of the supply chain by minimising the non-value-added portion of its activities simulation -the supply chain is simulated for its product life to analyse various forms (structures) it can adapt to Optimisation -various optimisation techniques in forecasting, capacity planning and production scheduling are applied to optimise the supply chain network.
Model elements
The framework given in Figure 4 models a supply chain as a system (or collection of systems) that possesses its four primary characteristics -structure, representation, diagnosis and prescription. Figure 5 provides a taxonomic representation of models in a CSC system based on this categorisation ). These are briefly described below.
Supply chain structural model provides the basic structure to the supply chain network. Essentially, it defines the maxim S=(T, R) for the supply chain system (described in Section 4.2.2), that is, entities (members) and their relationships to one another. Such a structure provides the basis for defining further sub-relationships throughout the network via this primary relationship.
Supply chain architecture representation model provides the architecture within which supply chain network can be represented. Thus, the network may be represented so as to offer a centralised, decentralised or a quasi-centralised control (Tamura, 1975) .
Supply chain waste management models provide the framework within which supply chain problems can be diagnosed to establish their root causes. Models to minimise systemic waste in the supply chain network fall in this category. Four types of wastes have been identified. These are, product waste, process waste, waste due to inefficient logistics, and waste due to general system inefficiencies identified in Textile Case Study described in Appendix A.
Supply chain problem specific models provide the application framework within which prescriptive solutions to problems diagnosed in the supply chain network can be applied. Models to minimise lead-time and costs belong to this category. 
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In the next section, a general model of supply chain systems that incorporates the workings of the supply chain model taxonomy described above is presented.
A general model of the integrated production planning and control problem
The problem of optimising operations of the following supply chain depicted in Figure 6 (adapted from Tzafestas and Kapsiotis, 1994) , and a subset of supply chain network depicted in Figure 3 This supply chain is made up of a manufacturer and a two-level hierarchy of suppliers. Each sub-system in the supply chain network incurs ordering and holding costs that are to be monitored and controlled. At each level in the supply chain, delay due to procurement activity is incurred which has the potential of imposing waste, and thus incurring additional costs in the system. This closed loop form of a supply chain system, mandates tight coupling among its components. The proposed framework adopts this rationale.
In the context of the above general problem, a generic integrated production planning and control (IPPC) model is described briefly. This model has three main modules: inventory manager; capacity manager; and production manager. For discussion of these modules, the following format has been used: analysis objectives and general implementation approach heuristic flows algorithms and explanation of models experimental approach and variables.
Inventory manager
The objectives of forecasting and inventory analysis are as follows: modelling to maximise forecasting accuracy analysis of inventory levels and relevant costs analysis of the impact of service levels and stock out probabilities on inventory levels.
Based on these objectives, a general approach to forecasting and inventory analysis is depicted in Figure 7 .
Heuristic flow of forecasting and inventory management process shown in Figures 8 and 9 depict a logical implementation of the general approach. For forecast modelling, a three-step process is proposed:
Step 1: Evaluate historic demand for patterns, such as randomness, trend, cycle, seasonality, and seasonality with trend utilising forecasting heuristics, such as, moving averages, and exponential smoothing. Step 2: Evaluate deviations in the forecast for all heuristics using a common metric, mean absolute deviation (MAD).
Step 3: Select the heuristic with the lowest MAD as the best technique for forecast modelling. A simulated annealing procedure is used for this purpose. A simulated annealing technique is a global optimisation method that distinguishes between different local optima. Starting from an initial value of forecast smoothing factors, the algorithm takes a step and the function is evaluated. When minimising a function, any downhill step is accepted and the process repeats from this new point. An uphill step may be accepted. Thus, it can escape from local optima.
For inventory control modelling, heuristics that offer decision rules for time-varying demand through minimisation of costs are applied. These decision rules describe relationships between safety stock, order point and inventory levels under various inventory policies, such as produce-to-order, and produce-to-stock and for various types of inventory systems, such as order point, order quantity, etc.
Capacity manager
The primary objective of capacity modelling in supply chain management systems is to aid decision making for planning manufacturing capacities in each of the member company. A general approach to location and capacity analysis is presented in Figure 10 .
The heuristic flow of location and capacity management processes shown in Figure 11 depicts a logical implementation of the general approach. Some of the heuristic approaches are discussed below. Step 1: evaluate replenishment schedules utilising the following capacity planning heuristics under different modelling environments and various policies, such as, zero inventory, level workforce with back order, level workforce without back order, and mixed plan. Table 2 offers a comparison of the above policies.
Step 2: evaluate deviations in capacity estimates for all heuristic using a common cost metric.
Step 3: select the heuristic with the lowest cost as the best technique for capacity modelling.
Production manager
The objectives of production analysis are as follows:
modelling to maximise production commitment to planned capacities based on demand forecasts simulation of various manufacturing orientations to deliver production commitments analysis of the impact of various production efficiency measures on lead times, service levels, and inventory levels.
Based on these objectives, a general approach to production modelling and analysis is depicted as follows:
developing simulation models for the 'as-is' production environment analysing the 'as-is' models to identify opportunities for improvement, as relates to: cycle-time reduction; resource utilisation; batching and lot-sizing under various manufacturing orientations developing simulation models for the 'to-be' production environment incorporating identified improvements analysing 'to-be' models to implement necessary efficiency measures in the 'as-is' system.
The heuristic flow of production management process shown in Figure 12 depicts a logical implementation of the general approach.
Summary and conclusions
The supply chain approach to the modelling design/production interface offers a viable alternative to enterprise integration. The richness of structural properties in supply chain architecture provides unique ways of representation of structure, information, and process flow in the enterprise. Structuring a supply chain thus enables application of generic models, methods, and techniques for decision making in the enterprise. A General Framework of Supply Chain Systems offers an integrated approach to modelling supply chain systems. The proposed framework offers a mechanism to experiment various types of behaviour patterns that may emerge through the interaction of supply chain members and apply lessons learned in developing robust supply chain models.
Developing a supply chain design curriculum around a supply chain systems framework offers opportunities for interdisciplinary teaching and research. The diversity in supply chain problems enable the integration of concepts, principles, tools and techniques from varied disciplines and topical areas. import category accounting for a higher value than crude oil and natural gas. The trade imbalance from apparel accounts for roughly one-third of the total US trade deficit (Sheridan, 1994) . Industrial trends confronting the USITC are challenging global competition from agile and responsive competitors, the necessity for regional partnering, advancing information and manufacturing technologies and increasingly dynamic consumer demand. The projected industry waste in 1996 was $45 billion with 1995 consumer sales of $244 billion and $155 billion in shipments. This waste was primarily on account of time delay, unnecessary distance travelled and scrapped material.
Focus of the case study
The focus of the case study is on a systemic review of logistics operations in the textile garment supply chain and its relevance in alleviating waste due to textile industry management practices described above. Its scope for this paper is to manage logistics due to the synchronisation of activities in the fulfilment of customer demand and resultant replenishment schedules. Supply chain analysis is directed at increasing industrial competitiveness by reducing product -throughput time, lead-time, stock-outs, and removal of non-value added activities resulting in increased market share and profit margins. Supply chain analysis examines ways to improve interactions and linkages between supply chain members through application of analysis methods and simulation tools to predict integrated performance of the supply chain. The supply chain includes manufacturing and sales businesses from raw materials to sale of goods, to the consumer. The goal of the analysis is to identify and quantify changes resulting in increased competitiveness through coordination of supply chain members. This emphasis on coordination builds upon lessons learned in quick response (QR) studies of the textile industry (Hunter, 1990) . During the last decade, the USITC has commenced various initiatives to acquire capabilities for QR aided by AR techniques to improve performance of its supply chains.
The textile garment supply chain case study
This case reviews a supply chain analysis focused on opportunities to improve productivity and efficiency in a five-member textile garment supply chain and formally documented as a project report (Chandra et al., 1997) . The supply chain is modelled as composed of members representing various sectors of the textile industry, who interact individually both as providers and consumers and have the potential to interact as a group. Supply chain members cooperate to integrate their operations. The objective of the analysis was to: demonstrate means to cost effectively reduce the product cycle time incrementally, as improvements in the product life cycle are introduced suggest generalised system principles that have implications on the supply chain application efforts throughout the USITC. Table 3 presents some of the relevant textile industry statistics at the time of analysis of this case (Chandra et al., 1997; Ostic, 1997) . The product analysed was 'Men's Warm-up Jacket'. A pre-analysis for this garment was performed before the formal analysis using the proposed methodology was undertaken. It consisted of the following three steps:
Step 1 entailed understanding the product and associated supply chain problems.
Results of this pre-analysis are summarised in Table 4 .
In
Step 2, techniques to be used in analysing the problem were identified as follows:
business process reengineering methods engineering value engineering.
Some of the challenges faced by this industry included: significant industry waste; long production cycle time; large number of production activities; and significantly long transportation distances. These problematic issues prompted reengineering of processes involved in this industry. Analysis of methods used, causing significant production cycle time and waste, was also required. Finally, identifying non-value adding and value-adding activities were also necessary to minimise the number of production activities. The process optimisation methodologies such as business process reengineering, methods engineering and value engineering, were proven methodologies to address these types of problems.
Step 3, problem-solving techniques were investigated and recommended for application to the problem. A Drum-Buffer-Rope approach for:
synchronising forecast demand, inventory management, and production planning and control within a member as well as between members of the product supply chain increasing the flow of product through the system, was applied.
The software tools utilised were a spreadsheet-based forecasting and inventory management tool, a spreadsheet-based capacity analysis tool, and simulation software that allows creating a textile product development scenario and to conduct 'what-if' analyses. In order to carry out the above plan, a supply chain analysis methodology was proposed and applied to this case study. Its purpose was to investigate the potential of cooperation among supply chain members to improve its performance. The design, modelling and analysis components of the methodology are described in Chandra and Kumar (2000a) , through their application to the textile garment supply chain.
